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ABSTRACT 

N-(4-AcetyM -piperazinyO-p-fluofObBnzarnide monohydrate 
(FK960), a novel antidementia drug, has been demonstrated to 
ameliorate memory deficits in various experimental models of 
dementia. This drug selectively increases somatostatin release 
from hippocampal slices and augments long-term potentiation 
(LTP) in the CA3 area of the hippocampus. In the present study, 
the effects of FK960 on voltage-activated Ca 2 * channels were 
investigated in acutely isolated rat hippocampal neurons, using 
whole-cell patch-clamp technique to clarify the cellular mode of 
action of FK960- Application of somatostatin significantly re- 
duced Ca* + currents via Q protein-coupled signaling path- 
ways. This inhibitory effect was significantly abolished by 
FK960 when applied in combination. In contrast, FK960 
showed only modest inhibition on the reduction in Ga* + cur- 
rents produced by baclofen, an agonist of GABAb receptor. 
Intracellular application of the protein kinase inhibitor H-7 did 



not alter somatostatin-induced inhibition and had no significant 
effect on blockade by FK960. In addition, application of FK960 
alone produced modest but apparent increases in Car cur- 
rents without significant changes in the activation kinetics of 
the channels. The dose-response relationship on calcium cur- 
rent enhancement was beil-shaped with a maximum effect at 
0*1 uM FK9G0, the same concentration as that for increasing on 
somatostatin release and CA3-LTP. These results show that 
FK960 reverses G protein-dependent Inhibition of Ca 2 "*" cur- 
rents by somatostatin in hippocampal neurons. Enhancement 
of Ca 2 + currents by FK960 may be due to its modulatory 
actions on Ca* + channels, rather than removal of G protein- 
inhibited tonic currents. Together, these mechanisms may be 
involved in the selective effects of FK960 on somatostatin 
release, excitatory transmission, and synaptic plasticity in the 
hippocampus. 



Alzheimer's disease is the most common cause of dementia 
in the aged population and is accompanied by extensive neu- 
ron loss, particularly in the hippocampus and cerebral cortex, 
with concomitant progressive cognitive decline. We have re- 
cently discovered a novel antidementia drug, AT-(4-acetyl-l- 
piper€uinyl>-p-£luorobeiX£amide monohydrate (FK960), 
which has been demonstrated to improve memory deficits in 
various experimental models of dementia such as. passive 
avoidance, water-maze, and eight-arm radial maze tasks in 
rats (YamazaM et aL, 1996) and also in rhesus monkeys 
(Matsuoka and Aigner, 1997). Furthermore, we have also 
shown that FK960 selectively increases the release of soma- 
tostatin, but not of acetylcholine (ACh), y-aminobutyric add 
(GABA), noradrenaline, or serotonin from rat hippocampal 
slices (Inoue et aL, 2001), and enhances long-term potentia- 



tion (LTP) in the mossy fiber-CAS pathway of guinea pig 
hippocampal slices (Matsuoka and Satoh, 1998). LTP in the 
hippocampus is believed to be a component of learning and 
memory (Bliss and Collingridge, 1993). Several lines of evi- 
dence have suggested that brain somatostatin plays a vital 
role in regulating cognitive functions (Ohno et al-, 1993; 
Epelbaum et al., 1994; Matsuoka et aL, 1995). Clinical evi- 
dence has also shown that impairments of somatostatin- 
mediated neurotransmission in the brain are associated with 
dementia in Alzheimer's disease patients (Davies et al., 1980; 
Bissette and Myers, 1992). We have therefore suggested that 
FK960 acts on synaptic plasticity in the hippocampus 
through activation of somatostatinergic neurotransmission 
to exert its cognitive facilitating effects. However, the molec- 
ular mechanism responsible for the ability of FK960 to en- 
hance somatostatin release is not fully understood. 

The important regulatory mechanisms of neuronal Ca 2 "" 
channel s in multiple cellular functions such as transmitter 
release, synaptic excitability and transmission, hippocampal 
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LTP, and synapse formation have been extensively studied. 
The activation of voltage-activated Ca 2+ channels is regu- 
lated by neurotransmitters and a variety, of intracellular 
second messenger pathways (Anwyl, 1991). iMany neuro- 
transmitters, including somatostatin, are known to inhibit 
Ca 2 * channels through G protein-coupled receptors and 
membrane-delimited pathways that may lead to autorecep- 
tor-mediated inhibition of exocytotic release from presynap- 
tic terminals (Dolphin 1995; Hille et al., 1995), Somatostatin 
selectively reduces N-type Ca 2+ channel currents in hip- 
pocampal and other central neurons possibly via the activa- 
tion of pertussis-toxin {PTJQ-sensitive Gi/Go proteins (Ikeda 
and Schofield, 1989; Ishibasht and Aknike, 1995; Viona and 
Hille, 1996). Moreover, the inhibitory effect of somatostatin 
on Ca 2 * channels results in the presynaptic inhibition of 
hippocampal synapse transmission (Boehm and Betz 1997). 

To further understand the molecular basis for the ability of 
FK960 to enhance somatostatin release, in the present study, 
we^ investigated the effect of FK960 on voltage-dependent 
Ca 2 * channels and its interaction with somatostatin using 
whole-cell patch-clamp recording in acutely isolated rat hip- 
pocampal neurons. Here, we report that PK960 reverses the 
somatoetatin-induced inhibition of Ca 24 " currents and that 
this effect seems to be mediated via a G protein-dependent 
mechanism. We also further demonstrated that PK960 has 
facilitatoty actions on basal Ca 2 * channel currents in hip- 
pocampal neurons. 



Materials and Methods 

Cell Preparation. Hippocampal neurons were acutely dissoci- 
ated as described by Kay and Wong (1986) with alight modifications. 
Briefly, transverse hippocampal slices were prepared from E- to 
14-day-old male Wfctar rats (Charles River Japan Inc., Yokohama, 
Japan). Slices were incubated at 30*C for 60 to 90 min in an oxygen- 
ated (100% O u ) solution containing 0.6 to 0.8 mgfcnl trypsin (type I; 
Sigma-Aldrich, St. Louis, MO), 120 mM NaCl, 6 mM KC], 1 mM 
CaO*, X mM MgCl* 20 mM PIPES, and 25 mM glucose (pH 7.0). 
After rinsing with trypsin-free solution, slices were incubated at 
room temperature in an Oa atmosphere. Before use, cells were trit- 
. urated mechanically into individual cells with a fire-polished Paa~ 
! teur pipette and were transferred to the recording chamber in Dul- 
hecco's modified Eagle's medium. Visible pyramidal neurons with 
dear cellular membranes were chosen for whole-cell recording. 

Current Recording and Analysis. Whole-Gal] recordings were 
performed using the conventional patch-damp techniques (Hamill et 
aL, 1981) with an Axopatch 200A amplifier (Axon Instruments, 
.. Union City, CA). Patch pipettes were fire-polished and had resis- 
^.tance of 2 to 4 Mil when filled with the internal pipette solution 
.containing 100 mM CsCl. 5 mM MgCl* 10 mM EGTA, 40 mM 
I HEPES, 4 mM ATP-Tris, and 0.2 mM GTP-Tris (pH 7.3). The normal 
external solution for recording Ca** channel curranta consiatad of 
m M tetraathylammonium chloride, 10 mM Bad* and 10 mM 
HEPES (pH 7.3). The recording chamber was continually perfused 
with the external solution with or without test drugs through grav- 
ity-fed flow pipes at a constant flow rate. Unless indicated otherwise, 
whole-ceil inward currents were elicited every 10 s by depolarization 
to 0 mV from a holding potential of -80 mV. Currents were four-pole 
Bessel-filtered and digitized at 10 kHz with DigEData 1200 Interface, 
Data were acquired and leak subtracted using the P/4 protocol under 
fhe control of the pCLAMP (6,0) software CAxun Instruments) using 
a personal computer. All experiments were carried out at room 
temperature (21-23°C). All data are presented aa mean ± &E.M 
Oi = number of cells in parentheses in the figures). Statistical anal- 
ysis of data was performed using Student s f test or DunnettVmul- 
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tiple comparison test. A p value less than 0.05 was considered sig- 
nificant. 

Pharmacological Materials. FK960 was synthesized by Fuji- 
sawa Pharmaceutical Co. Ltd. (Osaka, Japan). A 10 mM stock solu- 
tion of FK960 was prepared daily with diatillcd water and diluted in 
the external solution to the desired final concentrations just before 
use- Somatostatin, baclofen, GTP 7 S, pertussis toxin (PTXj, and H-7 
were obtained from Sigma-Aldrich. Somatostatin was dissolved in 
distilled water and frozen stored until use. Both GTPy S and H-7 
were dissolved in the pipette solution immediately before use. ttTP 
in the standard pipette solution was omitted when GTPy S was 
included. 

Results 

FK960 Disrupts Somatostatin-Induced Inhibition of 
Ca* + Currents. Ba 24 * was used as the charge carrier for the 
recording of Ca 2+ currents in hippocampal neurons. Under 
whole-cell patch-clamp configuration, high-voltage-activated 
inward Ba fl+ currents were completely blocked by external 
application of Cd 2 \ indicating that they pass through Ca 2 + 
channels. Previous results have demonstrated that soma- 
tostatin selectively inhibits N-type Ca 2 * channels in hip- 
pocampal neurons because these currents are s ensi tive to 
oi-conotoxin GVTA (Ishibashi and Akaikc, 1995). Figure X 
illustrates the effect of FK960 on somatosta tin-induced inhi- 
bition of Ca a * currents in isolated rat hippocampal neurons. 
External application of somatostatin (0.1 uM) rapidly re- 
duced the peak current amplitude and slowed the activation 
kinetics of Cn 2+ currents (Fig. 1A). The inhibition by soma- 
tostatin was reversible after removal of somatostatin and 
was reproduced by repeated application of somatostatin with 
slight deserialization (Fig. IB). In cells perfused with both 
somatostatin (0.1 nM) and FK960 (0.1 j*M) concomitantly, 
however, the inhibition of Ca 2 * currents by somatostatin was 
not observed. FK960 completely blocked the somatostatin- 
induced inhibition and eliminated the kine tic slowing. In 
contrast to the mean inhibition of 23.03 ±1.80% (n - 12) 
produced by somatostatin in control conditions, there was 
only 2.17 ± 3.91% (n - 8) reduction in Ca 2 ^ currents in the 
presence of FK960 (Fig. 1C). 

Considering that Ca 2+ channels are regulated by a variety 
of n eurotransmitters, we further investigated the effect of 
FK960 on inhibition of Ca 2 * channels mediated by GABA* 
receptor. As shown in Fig. 2, application of a GABA B receptor 
agonist baclofen (25 j*M) reduced the peak currents with an 
average 16.33 ± 2.86% (n = 7) inhibition in control condition 
and 11.38 n 2.63% (n - 7) inhibition in the presence of 0.1 
uM FK960. Although FK960 tended to reduce baclofen-in- 
dnced inhibition, this effect was partial and was not statis- 
tically significant compared with baclofen alone-treated 
group, in contrast to the combination with somatostatin. 
These results suggest that FK960 selectively disrupts inhi- 
bition of Ca 2 * currents produced by somatostatin. 

G Protein-Mediated Inhibition by Somatostatin. It is 
well demonstrated that voltage-dependent N-type Ca 2 "" 
channel activity is regulated by a G protein-coupled mem- 
brane-delimited pathway (Hille et ah, 1995; Dolphin 1995) 
and the G protein-mediated inhibition of Ca 4 * currents can 
be relieved by a large degree of depolarization (Bean, 1989; 
Ikeda, 1991). To test the voltage-depended facilitation of 

current inhibition, currents were observed after a stronger 
depolarizing step to +80 mV. Under control conditions, the 
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Fig. 1. Bfifect of FK960 on somAtostatin- 
induced inhibitinn of Ca a * currents in 
hippocampal neurons. Currents werft 
evoked every 10 s by a depolarization to 0 
mV from a holding notorial of -80 mV. 
A, superimposed current traces were ob- 
tained in control external solution and 0.1 
uM somatostatin without or with 0.1 $M 
FK960. B, time course of the peak current 
in application of somatostatin (0.1 uM) in 
the presence or absence of 0.1 /M FK960. 
C, pooled results of peak current inhibited 
by somatostatin in the absence or pres- 
ence of FK06O. p < 0-OO1; statisti- 
cally significant compared to somatosta- 
tin alone group (by Students t test). SST; 
somatostatin. 
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depolarizing prepulse did not produce characteristic facilita- 
tion of the Ca 2 * currents. This implied the lack of tonic 
inhibition of Ca a + currents by G proteins in these cells that 
has been shown in several neuronal systems, even in the 
absence of nourotransmitters (Ikeda, 1991; Kasai, 1991). A& 
shown in Pig. 3A, somatostatin-induced inhibition of Ca 
currents was mostly but not completely relieved, and the 
altered current kinetics was eliminated after the depolariz- 
ing prepulse, suggesting that voltage-dependent components 
reliving in somatostatin action. There was still a small por- 
tion of currents remaining after the prepulse in these cells. 
This may be due to the voltage protocol used here that re- 
sulted in incomplete recovery from somatostatin inhibition. 
In contrast, the application of FK960 abolished somatostatin 
inhibition before and after the prepulse was applied- Fur- 



thermore, FK960 restored the relief of the resting currents 
after the prepulse in these cells. These 
FK960 modulates voltage-dependent inhibition of Ca 
channels by somatostatin. 

line of evidence has shown that many neuroixanamitters, 
including somatostatin, inhibit voltage-activated Ca chan- 
nels through direct activation of inhibitory G proteins (Sha- 
piro and HiUe, 1993; HiUe et al. f 1995; Zhang et 1B96; 
HerUtze et aL, 1996). In the present study, we used GTP>k, 
a nonhydrolyzable analog of GTP, to characterize the G pro- 
tein-dependent inhibition by somatostatin- When 100 fM 
GTP7S was intracellularlly present in the pipette solution, 
the basal currents were reduced before somatostatin appli- 
cation (data DOt shown). As shown in Fig. 3B, the mean 
percentage of inhibition by somatostatin was 22.49 ± 1.96% 
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Fig. % Effect of PK960 on baclofen -in- 
duced inhibition of Ca** currents in hip- 
pocampal neurons* A. superimposed cur- 
rent traces were obtained in control 
external solution and 25 /iM baclofen 
without Or with 0.1 uM FK960. B, pooled 
results show the peak current inhibition 
produced by baclofen and concomitant ap- 
plication with FK960. No statistical sig- 
nificant change was observed between 
two groups (by Student's t test). 
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Fig. 8. Involvement of G proteins in the action of somatostatin. A, effect of prepolse facilitation on soraatostatin-induced inhibition. Currents were 
evoked by the voltage protocol as shown above. Superimposed currant traces were obtained in control external solution and 0.1 uM somatostatin 
without (top traces) or simultaneously with 0.1 pM FK9G0 (bottom traces). SST; somatostatin. B eflfocte of intracellular GTP76 and FIX treatment. 
Peak currents were reduced by the intracellular application of 100 uM or by pre treatment of FIX. Both of them blocked significantly the 

Somatostatin-uiduced inhibition. Pooled results show the peak current ipjubitjsn by somatostatin in the absence or presence of FK960. p < 0.01; 
statistically significant compared to somatostatin alone group (by Student's t test). 



(n - 9) in the control condition but was largely reduced to 
4.51 ± 4.20*> (n = 4) when GTP>S was added in the pipette 
solution (p < 0.01). For PTX pre treatment, currents were 
obtained after incubation in culture medium containing high 
concentration of PTX (25 ^g/ml) at 36°C for more than 1 h 
(Beech et aL, 1992), Application of somatostatin had an in- 
hibition of 2.18 ± 5.6% in * 3), compared with 22,73 ± 2.45% 

(n = 7) inhibition obtained without PTX treatment (p < 0.01). 



Together, both of GTPyS and PTX pre treatment significantly 
eliminated somatostatin-induced inhibition of Ca 3 * currenta, 
suggesting that PTX-senaitive G proteins are involved in 
somatoatatin-induced inhibition of Ca 2 * channel currenta. 

Involvement of Protein Kinase Activation. Several 
protein kinases are implicated in neurotransmitter receptor- 
mediated modulation of Ca 3 * channels by phosphorylation of 

transmitter receptors themselves, the associated G proteins, 
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and functional domains of Ca 2 * channel subunits (Ahlyanian 
and tuncbon ^ ^ 7iflmp0 ^ et ^ 

?997; E et al'.. 1999; Cooper et al 2000). To test 
whether protein kinase activation is involved in the effects of 
aSsomatoatatin. wo used a brnad protein kmase 
inhibitor H-7 by intracellular application. Figure 4 illus- 
trates the effects on Ca 3 * currents by somatostatin and 
FK960 with 50 nM H-7 in the pipette solution. In the intra- 
cellular presence of H-7, somatostatin reduced tiie peak cur- 
rent arophtudea with mean inhibition of 23.29 ± 4.33* (n - 
sTsintiW to control conditions. FK960 again significantly 
abolished the somatostatin-induced inhibition of Ca cur- 
rente in the presence of H-7 treatment; however, the magni- 
tude of the reduction by FK960 (mean somatostatin inhibi- 
tion of 6.98 ± 2.73%; n - 8) was slightly smaller compared 
with that in control cells (Fig. 1C). Basal Ca 2 * currents were 
unchanged by intracellular application of H-7 (date not 
shownTThese results show that blacking of protein kmaae 
activity by H-7 in our cell preparation has no significant 
effects on somatostatin receptor-mediated inhibition of Ca 

A FK960 Enhance* the Baaal Ca 8 * Currents in Hip- 
pocampal Neurone. In addition to its modulating actions 
on somatostatin-induced inhibition of Ca 2 * currents, we 
found that external application of FK960 reversibly enhances 
Ca 2 * currents under the basal condition m some hippocam- 
nal neurons. Figure 6 illustrates the increase in the amph- 
Sde of peak currents after application of FK960. Application 
of FK960did not alter the kinetics of the channels but in- 
creased the peak currents at most test potentiate without 
measurable voltage dependence (Fig. 5B) Enhancement* 
Ca 2 * current* by FK960 displayed a bell-shaped concentra- 
tion dependence that is similar to that seen in ourprevioufl 
pharoiawlogical studies (Matauoka and Satoh, 1998; tooue 
et al.. 2001). Aa illustrated in Fig. 5C, application of 0.01 .to , 1 
^ ^60 significantly enhanced the basal current and the 
Maximal effect was obtained at a concentration of 0.1 
FK960. Differences between 0.1 ,iM and other doses of 
FK960 were not statistically significant. 



Discussion 

Regulation of neuronal voltage-activated Ca 2 * channels by 
ueurSansmitters and intracellular signaling pat -ysj 
an important step in the control of neurotransmitter release, 
ovnaptic transmission, and neuronal plasttcrty * *• 
pretnt study, we have determined the effect of . novel 
anti-dementia drug FK960 on voltage-activated Ca Chan- 
nela in isolated rat hippocampal neurons. Our 'results ; denv 
onstrate for the first time that PK960 modulates the G pro- 
tein-mediated inhibitory effect of somatostatin on Ca 
channels and, furthermore, enhances the basal Ca cur- 

N-type Ca 2 * channels via PTX-sensitive G prote,nsthrm^ 
adSctmembrane^elimited model (Shapiro and Hule 1993^ 
MBbS 1. 1995; Zhang et al.. 1996). Somatostatin^^ 
Snition of Ca 2 * currents in these isolated hippocampal 
™na i8 mediated by activation of G proteins because FIX 
as well aa GTPy S eliminated this inhibition. In addifaon, 
Jrepulse facilitation reUeved most of the current reduction hy 
sTatoatatin, a characteristic form «««*^ 7 
a direct interaction of the channel and G protein (HiUe et al 
1995) importantly, FK960 disrupted G protein-dependent 

SfK960 was more robust than that induced by dep°l^"* 
llr^L which resulted in the recovery from somatostatin 
ESn oS^urrents. Somatostetin-induced inhibition 
ofCa 2 * channels has been suggested to be one of the mech- 
-sl™ nnderlvine oresynaptic inhibitory control of trans- 
m^rS^ SlTSStz, 1997). Therefore, the ability 
of FTOoO to^odXte the inhibitory effect of somatostatin on 
Ca^chaSi3rmay contribute to its ability to selectively 
enhance somatostatin release and somatosomatic trans- 
miaaion in hippocampal sheas (Tnoueetal., 2001). 

pSXdy, we found that basal 
correuts m hippocampal neurons were enhanced by FI»6a 
Sn£r«d witiTiteobvious effect on somat^tetln-mduced 
depresskm of Ca 2 * currents, the enhancement o f basal C a 
currents produced by FK960 was more modest, and was not 
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Fig. 4. Effect of protein kinase inhibitor 
H-7 on Bomatostatin-induocd inhibition of 
Ca a+ currents and on the blockade by 
FK960. A, superimposed inward currents 
were recorded before and after applica- 
tion of 0.1 uM somatostatin \n the intra- 
cellular presence of 50 uM H-7 (top trace ». 
Time courses of peak current recorded un- 
der application of 0.1 somatostatin 
bottom trace). B, pooled results of peak 
current inhibited by somatostatin in the 
absence or presence of FK960. **, P < 
0.01, statistically significant conipsnrf 
with aomatostatin-alone group (by Stu- 
dent's t test). SST; somatostatin. 
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observed in all cells. Although several types of voltage-acti- 
vated Ca 2 * channels have been identified in the hippocampal 
neurons, it has been suggested that N-type channels predom- 
inantly contribute to the transmitter-stimulated synaptic 
transmission (Wheeler et aL, 1994). Further study is neces- 
sary to deter mine which type of Ca 2+ channel current is 
enhanced by FK960. The FK960-induced increase in basal 
Ca 2+ channel currents is unlikely to be a consequence of 
removal of G protein-mediated tonic inhibition* as observed 
in some neurons (Dolphin. 1995). because the rebound cur- 
rent facilitation by a large depolarization pulse was not ob» 
aerved in these cells. The facilitatory effect of FK960 on Ca a+ 
current demonstrated a bell-shaped concentration-response 
relationship comparable with our previous studies on soma* 
tostatin release and CA3-LTP enhancement, indicating the 
phenomenon might share common cellular mechanisms. 
Voltage-activated Ca 3 * 1 " channel activities are regulated by 

: a variety of neurotransmitter and intracellular signaling 
pathways (Hille et al. p 1995; Dolphin, 1995), Therefore, the 

[ modulation of Ca a+ channels by FK960 could be mediated at 

' the level of neurotransmitter receptor, G proteins, Ca 2 " 1 " 
channels, or other intracellular signaling pathways. Our pre- 
vious studies have shown that FK960 does not bind to soma- 

- tostatin receptors or a number of other neurotransmitter 
receptors (unpublished observations), although the possibil- 
ity of an unknown protein component associated to its action 
could not be ruled out. Our present results demonstrated 
,that FK960 disrupted G protein-dependent inhibition by so- 
matostatin and enhanced the basal Ca 2 * current, further 
suggesting that the modulation of FK960 is not in the level of 

somatostatin receptors activation and seems to be involved in 



Fig- 3. Enhancement of the basal Ca 3 * 
currents by FK960. A, time course of en- 
hancement of peak currants by 0.1 pM 
FK960. Inset shows superimposed cur- 
rents recorded before, during, and after 
FK960 application. B, peak current-volt- 
age relationship io. the control condition 
and application of FK960 in the same cell. 
C» concentration-effect relationship for 
the enhan cement of Ca 1 * currents pro- 
duced by FK960, Pooled results show the 
percentage changes of peak currents in 
the absence (set as 100%) and presence of 
FK960. p < 0.01; ***. p < 0.00 1, sta- 
tistically significant compared to control 
group (by analysis of variance followed by 
Dunnett's comparison test). 



the direct interaction between G protein and Ca 2 * channels. 
Recently, an occluded inhibition of Ca 2+ channels by activa- 
tion of two types of transmitter receptor by opioid agonists 
and somatostatin has been investigated (Polo-Parada end 
Pilar, 1999). 

Protein kinases are important for regulation of neuronal 
Ca a+ channel activity and have been shown to directly phos- 
phcrylate the channel subunit/G protein complex (Swartz, 
1993; Haroid et aL, 1999; Cooper et aL, 2000). In central neu- 
rons, activation of PKC has been found to augment Ca 2 * cur- 
rents (Swartz et aL, 1993; Stea et aL, 1995; Hamid et aL, 1999) 
and diarapt G protein-dependent inhibition of Ca 2 * channels 
(Swartz, 1993; Zamponi et aL, 1997; Barrett and Rittenhouse, 
2000). Furthermore, PKC activators block the inhibition of 
Co** currents induced by somatostatin in rat hippocampal 
neurons Oahibashi and Akaike, 1995). In the present study, 
intracellular application of protein kinase inhibitor H-7 had no 
effect on somatostatin-induced inhibition of Ca 2+ currents. In 
addition, H-7 slightly reduced FKSoXTs modulation of soma- 
tostatin inhibition, but the effect was not significant Consider- 
ing that H-7 is known to be relatively more effective on cAMP 
(or cGMP)-dependent kinase activation than on PKC activation, 
however, we could not rule out the possibility of PKC-mediated 
regulation involved in the mechanism of action of FK960. Fur- 
ther studies with highly selective PKC modulators are required 
to clarify the contribution of intracellular phosphorylation path- 
ways to the mechanism of FK960 action. 

It is conceivable that modulation by FK960 of somatostatin- 
mediated inhibition of Ca 2 * channels may be responsible for its 
enhance ment of somatostatin release from hippocampal slices. 

Many studies have demonstrated the existence of negative feed- 
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back regulation via presynaptic G protem-coupled raptors 
(auU.«*»pton,) as well as voltage-activated Ca 8 * chaimela. 
£dS inhibition of transmitter release (Dolphin, 1995; Hdle 
et aL 1995- Takahashi et al., 1996). Indeed, somatostatin re- 
'nirnitSminab is Ca'Mependent and is modulated 
through activation of an autoreceptor located onpr«ynapt.e 
terminals (Ivereen et aL, 1978; Fontana et al-, 1996; Hdboe et 
al 1998) Furthermore, somatostatin selectively inhibits the 
N-tvpe Ca 2 * channel among diverse subtypes of channels in 
isolated hippocampal neurons (lehibashi and Akaike, 1995). It 
has also been reported that somatostatin inhibits excitatory 
neurotransmission via presynaptic receptors, by inhibition of 
downstream of Ca a+ entry at rat hippocampal synapses 
(Boehm and Bete, 1997). It will be important to determine 
whether FK960 acts exclusively on enmatostatin-medmted in- 
hibition, or whether it can disrupt the inhibition produced by 
other transmitters, which involve G protein-coupled receptors. 
In the present study, interestingly. FK960 showed only modest 
inhibition on the reduction in Ca a+ currents produced by an 
activation ofGABAg receptor, suggesting that actum .a 

not general far G protein-coupled receptors and could be selec- 
tive for somatostatin receptor over other class of G protem- 
W coupled receptors. Somatostatin Warning neurons are abinv. 
dant in the hippocampus, and, althoutfi they often colocahze or 
functionally interact with other neurotxananuttera such aa 
taba or ACh they might regulate Ca* + channels through 
^"Gp^in'patiSsSpiro and HiHe. 1993; Hille et 
aL 1995). In our studies on neurotransmitter release m rat 
hippocampal slices, we found th*t had no s^^nt 

effect on ACh, GABA, noradrenaline, and 
(laoue «t al.. 2001). We therefore propose tiiat ^60«^ 
exert selective faeOitatory actions on somatostatm release from 
hippocampal nerve terminals, as a consequence ofblockada of 
the interplay between the somatostatin autoreceptor, inhibitory 
G protein, and (posaibly N-type) Ca a + channels 

{TconciusionlwTnave demonstrated for the first time that 
the novel antidementia drug FK960 re verse 3 the inWbitory 
effect of somatostatin on Ca a * channels and enhances the 
basal activity of Ca s+ currents in rat hippocampal ueurons. 
These cellular mechanisms may explain the unique mode of 
action of FK960 and may further provide new insights on the 
molecular basis for the understanding the control of neu- 
ropeptide release from presynaptic terminals. 
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The modulation of N*type calcium current by protein 
kinases and G-proteine is a factor in the fine tunin* of 
neurotran^tter release. We have previously shown 
that phosphorylation of threonine 422 in the « 1B calcium 
channel domain I-H linker region resulted in a dramatic 
reduction in somatostatin receptor-mediated G*protein 
inhibition of the channels and that the HI linker conse- 
' 5 uent, y «**ves as an integration center for cross-talk 
between protein kinase C (PKC) and G*proteins CHamid, 
J„ Nelson, Spaetgens, fi%, Dubel, S. J„ Snutch, T, 
and Zamponi, G, W. (1999) J. Biol CiW 274. 619^6202)! 
Here we show that opioid receptor mediated inhibition 
of N-type channels is affected to a lesser extent com- 
pared with that seen with somatostatin receptors* hint- 
ing; at the possibility that PKC/G-proteio cross-talk 
might be dependent on the G-protein subtype. To ad- 
dress this issue, we have examined the effects of four 
different types of G-protein 0 summits on both wild type 
and mutant « 1B calcium channels in which residue 422 
has been replaced by glutamate to mimic PKC-depend- 
ent phosphorylation and on channels that have been 
directly phosphorylated by protein kinase C. Our data 
show that phosphorylation or mutation of residue 422 
antagonizes the effect of Gft on channel activity, 
whereas G0* G&, and Gp A are not affected. Our data 
therefore suggest that the observed cross-talk between 
G-proteins and protein kinase C modulation of N-type 
channels is a selective feature of the Gp x subunit 



W The modulation of calcium channel activity by activation of 
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intraceUular messenger pathways is a key mechanism for fine 
tuning calcium entry into neurons. For example, the activation 
of protein kinase C has been shown to mediate an up-regula- 
tion of N-type calcium currents in intact neurons (1, 2) and in 
transient expression systems (3, 4). In contrast, the direct 1:1 
binding of G protein py subunits to the domain MI linker 
region of N-type, P/Q-type, and possibly R type calcium chan- 
nels results in a depression of current activity (5-8) (reviewed 
in Refe» 9 and 10), which can be reversed by strong membrane 
depolarization (10-12). Different types of calcium channels are 
modulated by tr-proteins to different extents, such that N-type 
channels are typically inhibited more effectively than P/Q-type 
channels (13-16), There is also increasing evidence that the 
degree of inhibition is dependent on the G-protein p subunit 
species (16-18). Finally, it has been shown that protein kinase 
C-dependent phosphorylation of the N-type calcium channel a x 
subunit antagonizes receptor-mediated G-protein inhibition of 
the channel (1, 2, 12, 19). This phenomenon (termed PKCVG- 
protein cross-talk) appears to be mediated by a single threonine 
residue (Thr-422) in the « lB domain I-H linker region (4). For 
somatostatin receptor-induced G-protein inhibition of N-type 
calcium channels, mutation of Thr-422 to glutamic acid mimics 
the antagonistic effect of protein kinase C on G protein inhibi- 
tion, whereas a switch to alanine precludes the occurrence of 
PKC/G-protein cross-talk (4). 

Here we have ejeamined the dependence of PKC/G-protein 
cross-talk on the nature of the G protein p subunit isoform. 
Using transient expression of either wild type or mutant 
(T422E) N-type calcium channels in combination wi th various 
G-protein P subunit isoforms (Gft, Gfc, Gft>, and Gpj, we 
show that the effect of only the G^ isoform is reduced in the 
^permanently phosphorylated" mutant N-type channel. PKC/ 
G-protein cross-talk thus appears to be a selective feature of 
the Gfr subunit isoform. In view of the notion that different 
types of G-protein-coupled receptors may combine with specific 
subsets of Q<xPy combinations (20), this may suggest that the 
extent of cross-talk occurring in intact neurons could be de- 
pendent on the type of neurotransmitter involved, thus provid- 
ing a mechanism for the fine tuning of calcium homeostasis, 

EXPERIMENTAL PROCEDURES 
Calcium Channel and G-protein cDNAa — The calcium channel cDN A 
°WMrtrueta («ib» <»iB(T422E) i 3^ <v8) were the same 4s those discussed 
previously in Hamid er oi. (4). Wild type construct* were kindly donated 
by Dr. T. P. Snutch. The cloning of the various Gp-subunita is described 
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in detail by Arnot et al (16). cDNA encoding for green fluorescent 
protein (EGFP) was purchased from CLONTECH. 

Transient Transaction into tsa-201 Cells— Human embryonic kidney 
tsa-201 cells were grown in standard Dulbecco's modified Eagle's me- 
dium containing 10% fetal bovine serum and 0.5 mg/ml penicillin/ 
strtptomycin. Cells were grown at 37 °C to 85% confluency, split with 
trypsio.EOTA, and plated on glass coverslips at 5-10% confluency 
about 12 h before transaction. Immediately before transaction, the 
medium was replaced with fresh Dulbecco's modified Eagle's medium, 
and a standard calcium phosphate protocol was used to transiently 
trans foe t the calls with cDNA constructs encoding for mutant and wild 
type calcium channel a Xt 0 tb , and o^S subunits and green fluorescent 
protein as an expression marker and as appropriate with G~ protein 
subunits or the ^-opioid receptor. After 12 h, cells were Washed with 
fresh medium, allowed to recover for 12 h, and then incubated at 28 "C 
in 5% CO a for 1-3 days prior to recording. 

Blcctraphyaiology — The exact whole cell recording procedures have 
been described in detail previously (16). The external recording solution 
was comprised of 20 dam BaClg, 1 rnn MgCl^ 10 mu HE PES, 40 raM 
tetraethylammonlum chloride, 10 mM glucose, and 66 mM CaCl (pH 7.2), 
recording pipettes were filled with 108 nut cesium methanesulfonate, 4 
mM MgCl* 9 mM EGTA, 9 mM HEPES (pH 7.2) and showed typical 
resistances of 2 to 4 megaohms. For experiments involving opioid re- 
ceptor activation, the intracellular solution was supplemented with 40 
pM OTP. DAMGO (purchased from RBI) was dissolved in water at a 
stock concentration of 2 mM, diluted into the recording solution at a 
fiTinl concentration of 1 /am, and perfused directly into the vicinity of the 
"jells via a gravity-driven microperfusion system. Typically, cells were 
%e*held at —100 mV and currants were elicited upon depolarizations to 
various test potentials. 

Tonic G-proteui inhibition of the channels was assessed by applica- 
tion of strong depolarising p repulses (to +150 mV) followed by a test 
depolarization to +20 mV (see Rem. 6 and 16). The time course of 
development of prepulse relief was determined by varying the duration 
of the prepulse (nil) while leaving the duration between the prepulse 
and the test pulse constant at 5 ms (see Fig. 2). Hie redhibition kinetics 
were determined by applying a 50- ms prepulse, followed by a test pulse 
spaced from the prepulse at variable intervals (Ar2). Ills total degree of 
prepulse relief was obtained by extrapolating the exponential decay of 
the prepulse effect back to time t2 - 0 (see Ref. 10), thus allowing us to 
assess the degree of prepulse relief without contamination from rein* 
hibitian. For the experiment in Fig. 2, the data were obtained at a fixed 
interval of 4 ms between the prepulse and the test pulse. 

For experiments involving PRC-dependant phosphorylation of the 
channels, the phorbol ester PMA was dissolved in Me^SO at a stock 
concentration of 2 mM, diluted into the recording solution at a final 
concentration of 30 nM. and perfused directly Onto the call with a 
gravity-driven nucroperfnsxon system. 

Western Blot Analysis— Western blots on cell lysates generated front 
transfected or sham -trans fee ted tsa-201 cells were carried out as de- 
scribed in detail by Jarvis et aU (21). Antibodies to Q protein p subunits 
were pur chased from Santa Cms Laboratories (anti-Gft, and anti-Gp^) 
and from Tr ansd uction Laboratories (anti-G0m). Immunoblots were 
^z^subiected to chemiluminescence analysis using ECL plus (Amersham 
Pharmacia Biotech) and detected on 51m. 

Data Analysis and Statistic*— Data were analyzed using Clampflt 
software. Preparation of figures and statistical analysis was performed 
via SigmaPlot (Jandel Scientific). Error bars are standard errors, p 
values reflect Student's t tests. 

RESULTS AND DISCUSSION 
We have previously shown that activation of protein kinase 
C in tsa-201 cells reduces a somatostatin receptor-induced G- 
protein inhibition of N-type calcium channels (4). A point mu- 
tation in the domain l-II linker region of the *hft*i**l (T422E) 
mimi cked the effects of PKC activation, whereas a substitution 
to alanine precluded the effects of PKC on G-proteiu inhibition. 
We concluded that PKC/G-protein crosa-talk occurs via phos- 
phorylation of threonine 422 (4). To assess whether this effect 
was selective for somatostatin receptors, we coexpressed ^-opi- 
oid receptors with wild type or mutant (T422E) N-type (m 1Bi 
/*ib! a 3 -o) calcium channels and applied 1 um DAMGO to trigger 
G protein inhibition of the channels via the receptor. As seen in 
Fig, I, wild type channels underwent a robust, reversible inhi- 
bition by 56 £ 4% in response to opioid receptor activation. In 




PtO. 1. Cross-talk between G-protein modulation and PKC-de- 
pendent phosphorylation of N-typc calcium channels. A t sche- 
matic representation of the N-type calcium channel a, Suhunit The a L 
subunit consists of four homologous domains th«*t aro linked by large 
intracellular loops (30). The cytoplasmic linker between domains I and 
II is one of the prime targets for binding of Gfiy subunits (12, 22). 
Residue Thr-422 forms the core of a protein kinase C consensus site (see 
amino add sequence) which underlies G-protein PKC cross-talk (4). B, 
Mm* course of ^-opioid receptor-mediated Cr-protein inhibition of wild- 
type and mutant (T422B) N-type calcium channels. Cells were held at 
•100 mV and depolarized to +20 mV, Note that the effects are fully 
reversible, C, current records illustrating the effects of T422E mutation 
on f&-opioid receptor-mediated G-protein inhibition of N-type calcium 
Channels, The solid tin* indicates the base line. D, comparison of the 
sfiects of T422E mutation on /*-opioid receptor- and somatostatin re- 
ceptor-mediated inhibition of N-type calcium channels. The somatosta- 
tin data were taken from our previous work (4). Note that a mutation 
that permanently mimics phosphorylation of residue 422 affects the 
somatostatin receptor-mediated inhibition significantly more strongly 
than that induced by u-opioid receptor activation. 

contrast, the T422E mutant exhibited a reduced degree of 
Cr-protew Inhibition (32 ± 3%), in accord with our assertion 
that a negative charge (which permanently mimics phospho- 
rylation) in position 422 reduces G protein efficacy. A compar- 
ison with our previous work with somatostatin receptors (4), 
however, shows that the somatostatin receptor-mediated inhi- 
bition of N-type calcium channels was significantly more 
Strongly affected than the ^.-opioid response (20 ± 3% versus 
32 ± 3%, p < 0.05), whereas the wild type channels were 
similarly inhibited by both pathways (DAMGO, 56 ± 4%; so- 
matostatin, 53 ± 5*,p > 0.05). Although the latter observation 
indicates that both receptor types are equally effectively cou- 
pled to wild type N-type channels in tsa-201 cells, the observa- 
tion with the T422E mutant suggests that there are nonethe- 
less differences in the way the two receptor types couple to the 
channels. It is possible that the two receptor types couple Lo the 
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Fro 3. A, cumot records illustrating the effects of PKC-dftn*n/x^r 
Phosphorylation of N-type calcium duuinels OOthe do™*rfS££ 
relief sea* with either Ofl. or Qfl^ Ut* traces w«r«H>£^?5 P £5 * 

nonce no legends for current levels are provided. Note thattha ArSJ^f 

Z-min application of 30 dm PMA. B t effect of 30 hm PMA cm SI H^ll 

? hS^?T^V^- V r«l^ KUowedby 
PM^iTi^r to - 100 mV and a test pulse to+20mV. Nate that 
£dt^jSfS£ y «±S GPrfcdiated mp**™. error t^^Zwl. 
tesa CwJ£ denote, si^cance at th e 0 .06 level (paired, 

^nsf^^^n ° l Wo obtained fro m eitHeftSaa. 

transacted taa-301 cells or from tga-201 cells tranafected with onTof 

H*" tl «*"»*jn a substantial incrSIain G* 1ev^d£pi£ 

^annela via different G-protein heterotrimer campoaitions. 

The key G-protein species involved in direct inhibition of 
N -^calcjum channels is the Gfl subunit (6, 6, 18. 18). To 
date, five <ufferent types of Gfi subunits have been identified in 
mammahan brain (17). and we have recently 8 hov4 tbaVl£ 
t^ rfiaruiek expressed in tea-201 cells are most effectively 
inhibited by Oft and Go* whereas Gfl« and Gfc meSto i 
somewhat smaller inhibition, and Gfl, is ineffective and is thus 
not Anther considered here (16). 

To test the possibility that PKG/G-protein cross-t«lk might 
preferentially affect a subset of the Gj3 subunit isofonnTwe 
"expressed wild type channel* with one of four different Gfl 
subtypes (+Gfc) and used a strong depolarizing prepulse to 
compare the resulting took G-protein inhibition before and 
•^•phosphorylation of the channel by protein kinase C (olio 
ited by 2-min application of 30 nw PMA). As shown in Pig. 2 in 
calls esprcaeing Gft, the degree of prepulse relief became 're- 

foUowmg PMA treatment, whereas inhibition by the three 
other G-protein fl aubunit subtypes was not significantly al- 
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££2' TL^' « eSe data 8tt « Mt that PKC/G-protein 
^.V^ k wf CtlVel5r ***** ^rmediated response. 
.1,^ , ^. CaldUm 011811X1618 pressed in tsa-201 cells 
show only negligible background G-proteih inhibition in the 
absence of exogenous Gfl y (16). it is true that these celL contain 
endogenous G protein fiy subunite that are presumable™! 
plexed as afiy heterolrimera. To assess the likelihood ofcon- 
tominatton of our results by endogenously present Gfi prote^ 
we earned o„t W ?te rn blot analysis of centre! cells S^U 
fransfected with e«ther one of the four Gfi subunits. As seen in 
Fig. 2C, exogenous expression of each of the four subtypes 
^ * a 8ubstaa «=J increase in Gfi levels compared 
with those found in control calls, confirming that the exog- 
enoi*ly expressed subunits are the predominant G-protein spe- 
cies in transferted cells. 

To obtain an indication of the change in affinity of the chan- 
neU for die G-proteins. which occurs after phosphorylation, we 
utilised dynamic prepulse protocols to determine the time con- 
stants of recovery from inhibition (by varying prepulse dura- 
tion) and redhibition after the prepulse (by varying the dura- 
tion between the prepulse and the test pulse, see Fig 3A) 
However, after prolonged application of PMA (>3 min) we 
noted that current levels began to run down, which would 
interfere with the accuracy of these types of experiments 
Hence, we chose to utilixe the T422E mutant for our kinetic 
measurements. 

Pig 3B shows that the T422E mutant behaved like the 
phosphorylated wild type channel with regard to the Gfl sub- 
type dependence of cross-talk, such that the mutation induced 
a elective decrease in the degree of prepulse relief seen in the 
presence of Gfl> (wild type, 2.8 ± 0.3; T422E, 1.9 » 0 1 • p < 
0.06) whereas the fecilitation ratios of the three remaining 
G-protein fl subunit isofonns did not differ significantly from 
those obtained with the wild type channels (note, however, that 
the data shown m Pigs. 2B and 3B were obtained by alightly 
dMterent protocols, and hence, absolute values for the degree of 
ST P ^ ff Uef *** not direcfl y romparable). As seen in Pig. 3C 
the T422E mutation selectively reduced the time constant of 
reeovery from Gfl l inhibition (wild type, 11.0 ± 0.6 ma; T422E 

A £2& P < a05) ' one of the consequences 

of the T422E mutation is a slight destabilization of the G fll - 
channel complex. In addition, the time course of Gfl, reinJubi- 
^° a ^fi prepulse (Fi &- *«» was slowed 3-fold as a result of 
the T422E mutation (wild type, 18.5 ± 2.4 ms; T422E 51 7 ± 
4.7 ms; p < 0.0S). Interestingly, a smaU increase in the tim,» 
course of redhibition was also observed with Gft, (WT 46 2 ± 

$£» T f!f ! ' 278 * 41 0-WJ. Seating that' the 

T422E mutation may exert subtle effects on this subunit. Over- 
all, however, the data shown in Figs. 2 and 3 indicate that a 
mutageaicauy phosphorylated threonine residue in position 
422 affects predominantly the inhibition of N-type calcium 
channels by G& subunits. 

To date. little is known about the association of individual 
types of seven helix transmembrane receptors with specific 
subsets of G-protein subunits. It has been shown, however that 
antieense depletion of Oft subunits abolishes somatostatin 
receptor signaling in rat pituitary GH 3 cells (22). It is thus 
likely that somatostatin receptors exclusively couple to Gfl. 

Which Ca * acc0Uat nice, y for our observation that the 
SLT^v ^nwtically educed the G-protein inhibition 

» Pto T" COntraflt ' il « P^Ne that the 
P ^ U il e8 10 ^ ^Is thmugn 
SSmi^nt^* ° r .?- proteia P 8ubu ^- Whe««3 the obser- 
vation that the opioid response was reduced in the T422E 
mutant would suggest that at least part of the Opioid signaling 
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FlO. 0. Dependence of PKC/G-protein crosstalk on the Gp stub- 
unit isoform. Tha wild type data were taken finm our previous work 
(16). A, prepulse paradigms used to determine the kinetics of removal of 
Oprotein uibibition during the prepulse tee, recovery, left panel), and 
those of ^inhibition following tha prepulae iPP) (right panel). B, degree 
of G-prolein inhibition of wild typo and T422E mutant N*type Calcium 
channels in form of facDitatian ratios and 04 A function of C-protein 0 
flubunit isoform. The facilitation ratios (I + PPyi(-PP) warn obtained 
as described under "Experimental Procedures" and in Arnot at aL (16), 
which r alias on back extrapolation of the data to - 0 ma (hence the 
difference in absolute facflitatinn levels compared with Fig 2B). Note 
that the T422E mutation selectively affects C^i-mediatad inhibition, C, 
the T422EJ mutation selectively increases the rate of davak>sment of 
facilitation for the subtype. D t T422E reduces the rate of O-protein 
reinhibition for Gp 1 and GA, but does not affect the ^inhibition rates 
observed with Oft and.G0 v 

is mediated by Gfi Xf our data showing that the opioid and 
somatostatin responses were not equally affected by the T422E 
substitution (Fig. ID), however, support a mechanism in which 
^-opioid receptors may couple to a mixed population of G- 
protein p subunit isofbrms. This scenario would account for the 
intermediate response we observed. 

The data shown in Fig. 3, C and D % provide some insights into 
the molecular mechanisms by which cross-talk may occur, tt is 
now widely accepted that Gpy physically interacts with the 
N-type calcium channel domain I-II linker region (8, 23, 24), 
thus phosphorylation events or amino acid substitutions occur- 
ring in this region may affect the binding interactions between 
the channel and the Gpy dimers. Consistent with such an 
effect, the T422E substitution resulted in a significant decrease 
/ in the time constant for development of facilitation during the 
prepulse and an increase in the time constant for reinhibition 
after the prepulse. In view of evidence that G protein* must 
physically dissociate from the channel during the prepulae (8), 
these changes in kinetics likely reflect a change in the G- 
protein association and dissociation kinetics, and thus an over- 



all reduction in the affinity of the channel for G/3 lf which may 
also account for the reduction in the degree of prepulse relief 
seen with the T422E mutant. Our experiments do not permit 
us to provide an absolute value for the PKC~induced changes in 
the equilibrium dissociation constant between the G proteins 
and the channels, because the kinetics for recovery from inhi- 
bition during the prepulse (+150 mV) and reinhibition after 
the prepulse (Le. repolarization to -100 mV) were obtained at 
different voltages. Nonetheless, based on the 3-fold decrease in 
reinhibition kinetics and the 1.4-fold speeding of the recovery 
time constant, we estimate that the presence of the T422E 
mutation may perhaps result in an -5-fold change in Gfr 
affinity. 

An important aspect to consider is control over the G protein 
expression levels in our experiments. Our Western blot analy- 
sis shows that each of the four Gp subtypes expressed well in 
tsa-201 cells, indicating that the exogenously expressed G- 
protein sub units are much more abundant than endogenous!/ 
present Gp, although it is difficult to predict relative expres- 
sion levels among the four Qp subtypes from Western blots as 
antibody sensitivity may vary. In the experiments shown in 
Fig. 2B, the inhibition of nonphosphorylated and phosphoryl- 
ated channels by each G/3 subtype was studies in the same cell, 
and hence, at a constant G/3 concentration. In the experiments 
shown in rig. 35, the effects of each Gp subtype on wild type 
and mutant channels needed was assessed in different cells. 
However, for each given Gp subtype, wild type and mutant 
channels were studied under identical conditions, thus attrib- 
uting any changes in channel inhibition to residue 422 rather 
than Gp levels. Both types of experiments resulted in essen- 
tially the same result, namely that only G^-mediated re- 
sponses were affected by phosphorylationAnutation of the 
channel. 

Although in vivo evidence supporting our conclusions is still 
lacking, it is tempting to speculate about the implications of 
observations for neurotransmission: calcium influx through N» 
type and P/Q-type calcium channels is essential for the fast 
release of neurotransmitter (2$). Regulation of presynaptic cal- 
cium channel activity by cytoplasmic messenger molecules is 
thus an essential means for the precise control of neurotrans- 
mission. The activation of opioid receptors, for example, de- 
presses synaptic activity (13, 26), and tonic G-protein inhibi- 
tion at presynaptic nerve termini contributes to paired pulae 
facilitation (27-29). We have previously presented evidence 
that integration of protein kinase C and G0y pathways by the 
N-type calcium channel a t sub unit can produce multiple levels 
of current activity (4). If our results are extrapolated to an in 
vivo situation, the notion that the extent of this integration 
appears to depend on the type of Qp subunit isoform present 
may provide additional avenues by which neurotransmitter 
receptors may regulate calcium homeostasis in the presynapse. 
Together with the notion that different types of G-protein p 
subunits do not only affect K-type channel activity to different 
degrees (16-18) but also show pronounced differences in their 
abilities to inhibit P/Q-type calcium channels (16), the unique 
activation of specific G0y combinations by different types of 
seven-helix transmembrane receptors could provide a highly 
complex regulatory mechanism for the fine tuning of presyn- 
aptic calcium levels and, thus, neurotransmitter release. 

Acknowledgment — We thank Dr. Terry Snutch for providing wild 
type calcium channel cDNAs. 
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description 
new" use of aminopiperazine derivatives 
technical field 

This invention relates to a new use of aminopiperazine 
derivatives and pharmaceutical^ acceptable salts thereof for 
the treatment and/or prevention of schizophrenia, depression, 
stroke, head injury, nicotine withdrawal, spinal cord injury, 
anxiety, pollakiuria, incontinence of urine, myotonic 
dystrophy, attention deficit hyperactivity disorder, 
excessive daytime sleepiness (narcolepsy), Parkinson's 
disease or autism in mammals. 

BACKGROUND ART 

The aminopiperazine derivatives used in this invention 
are known as described in PCT International Publication No. 
WO 91/01979 that said aminopiperazine derivatives possess the 
potentiation of the cholinergic activity and are useful in 
the treatment of disorders in the central nervous system for 
human beings, and more particularly in the treatment of 
amnesia, dementia, senile dementia and the like. 

DISCLOSURE OF INVENTION 

The present invention relates to a new use of 
aminopiperazine derivatives and pharmaceutical^ acceptable 
salts thereof for the treatment and/or prevention of 
schizophrenia, depression, stroke, head injury, nicotine 
withdrawal, spinal cord injury, anxiety, pollakiuria, 
incontinence of urine, myotonic dystrophy, attention deficit 
hyperactivity disorder, excessive daytime sleepiness 
(narcolepsy), Parkinson's disease or autism for mammals. 

Accordingly, this invention is to provide a new use of 
aminopiperazine derivatives and pharmaceutically acceptable 
salts thereof for treating and/or preventing schizophrenia, 



WO 98/27930 



PCT/JP97/04704 



2 



depression, stroke, head injury, nicotine withdrawal, spinal 
cord injury, anxiety, pollakiuria, incontinence of urine, 
myotonic dystrophy, attention deficit hyperactivity disorder, 
excessive daytime sleepiness (narcolepsy), Parkinson's 
disease or autism. 

Further, this invention is to provide an agent and a 
pharmaceutical composition for treating and/or preventing 
schizophrenia, depression, stroke, head injury, nicotine 
withdrawal, spinal cord injury, anxiety, pollakiuria, 
incontinence of urine, myotonic dystrophy, attention deficit 
hyperactivity disorder, excessive daytime sleepiness 
(narcolepsy), Parkinson's disease or autism, which comprises 
said aminopiperazine derivatives and pharmaceutically 
acceptable salt thereof. 

Still further, this invention is to provide a 
therapeutic method for the treatment and/or prevention of 
schizophrenia, depression, stroke, head injury, nicotine 
withdrawal, spinal cord injury, anxiety, pollakiuria, 
incontinence of urine, myotonic dystrophy, attention deficit 
hyperactivity disorder, excessive daytime sleepiness 
(narcolepsy), Parkinson's disease or autism, which comprises 
administering said aminopiperazine derivatives and 
pharmaceutically acceptable salts thereof to mammals. 

The aminopiperazine derivatives used in this invention 
can be represented by the following general formula [I.] : 



wherein R 1 is lower alkyl, aryl, ar (lower) alkoxy or 

a heterocyclic group, each of which may be 
substituted with halogen, 



Ri-A-N 




[I] 
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R 2 is hydrogen or lower alkyl, 

R 3 is cyclo (lower) alkyl, aryl or ar ( lower ) alkyl, 

each of which may be substituted with halogen, 

O 

A is -C-, -SO?- or lower alkylene, and 



and pharmaceutical^ acceptable salts thereof. 

Said compound (I) and pharmaceutically acceptable salts 
thereof are useful in the treatment and/or prevention of 
schizophrenia, depression, stroke, head injury, nicotine 
withdrawal, spinal cord injury, anxiety, poliakiuria, 
incontinence of urine, myotonic dystrophy, attention deficit 
hyperactivity disorder, excessive daytime sleepiness 
(narcolepsy), Parkinson's disease or autism in mammals. 

Particulars of the various definitions mentioned in this 
specification and preferred examples thereof are explained in 
the following. 

The term "lower" is intended to mean a group having 1 to 
6 carbon atom(s), unless otherwise provided. 

Suitable "lower alkyl" may be a straight or branched one 
such as methyl, ethyl, propyl, isopropyl, butyl, isobutyl, 
tert-butyl, pentyl, hexyl, or the like, in which preferable 
one is methyl. 

Suitable "aryl" may be phenyl, naphthyl, tolyl, xylyl, 
mesityl, cumenyl, and the like, in which preferable one is 
phenyl or naphthyl . 

Suitable "ar (lower) alkoxy" may be benzyloxy, 
phenethyloxy, phenylpropoxy, benzhydryloxy, trityloxy and the 
like . 




o 
II 

SO?- or -CNH-, 
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Suitable "heterocyclic group" may include saturated or 
unsaturated, monocyclic or polycyclic one containing at least 
one hetero atom such as nitrogen atom, oxygen atom or sulfur 
atom. 

The preferred examples of thus defined "heterocyclic 
group" may be an unsaturated, 3 to 8-membered, more 
preferably 5 or 6-membered heteromonocyclic group containing 
1 to 4-nitrogen atom(s), for example, pyrrolyl, imidazolyl, 
pyrazolyl, pyridyi, pyridyl N-oxide, dihydropyridyl, 
tetrahydropyridyl, pyrimidyl, pyrazinyl, pyridazinyl, 
triazinyl, triazolyl, tetrazinyl, tetrazolyl, etc.; 

unsaturated, condensed heterocyclic group containing 1 
to 5 nitrogen atom(s), for example, indolyl, isoindolyl, 
indolizinyl, benzimidazolyl, quinolyl, isoquinolyl, 
indazolyl, benzot riazolyl , etc.; 

unsaturated, 3 to 8-membered heteromonocyclic group 
containing 1 to 2 oxygen atom(s) and 1 to 3 nitrogen atom(s), 
for example, oxazolyl, isoxazolyl, oxadiazolyl, etc.; 

saturated, 3 to 8-membered heteromonocyclic group 
containing 1 to 2 oxygen atom(s) and 1 to 3 nitrogen a torn (s), 
for example, morpholino, sydnonyl, etc.; 

unsaturated, condensed heterocyclic group containing 1 
to 2 oxygen atom(s) and 1 to 3 nitrogen atom(s), for example, 
benzoxazolyl, benzoxadiazolyl, etc.; 

unsaturated, 3 to 8-membered heteromonoyclcic group 
containing 1 to 2 sulfur atom(s) and 1 to 3 nitrogen atom(s), 
for example, thiazolyl, isothiazolyl , thiadiazolyl , etc.; 

unsaturated, 3 to 8-membered heteromonocyclic group 
containing 1 to 2 sulfur atom(s) , for example, thienyl, etc.; 

unsaturated, condensed heterocyclic group containing 1 
to 2 sulfur atom(s) and 1 to 3 nitrogen atom(s), for example, 
benzothiazolyl, benzothiadiazolyl, etc. ; 

unsaturated, 3 to 8-membered heteromonocyclic group 
containing an oxygen atom, for example, furyl, etc.; 

unsaturated, condensed heterocyclic group containing 1 



WO 98/27930 PCT/JP97/04704 

5 

to 2 sulfur atom(s), for example, benzothienyl , etc.; 

unsaturated, condensed heterocyclic group containing 1 
to 2 oxygen atom(s), for example, benzof uranyl , etc.; or the 
like . 

Suitable "cyclo ( lower } alkyl " may be cyclopropyl, 
cyclobutyl, cyclopentyl, cyclohexyl, and the like. 

Suitable "ar (lower) alkyl" may be benzyl, phenethyl, 
phenylpropyl, benzhydryl, trityl, and the like. 

Suitable "lower alkylene" may be methylene, ethylene, 
propylene, pentamethylene, hexamethylene, and the like. 

The above-mentioned "lower alkyl", "aryl", 
"ar (lower) alkoxy", "heterocyclic group", "cyclo (lower) alkyl" 
and "ar (lower) alkyl" may be substituted with halogen [e.g. 
fluorine, chlorine, bromine and iodine] . 

Preferred compound [I] is one which has a lower alkyl, 
phenyl, naphthyl or thienyl for R 1 , hydrogen or lower alkyl 
for R 2 , phenyl which may be substituted with a halogen for 

O O 
R 3 , -C- for A, and or -S0 2 ~ for Y. 

More preferred compound [I] is one which has a lower 
alkyl for R 1 , hydrogen for R 2 , phenyl which is substituted 

o o 
with a halogen for r3^ _<|l_ for A# an d -c- for Y . 

Most preferred compound [I] is N- ( 4-acetyl-l- 
piperazinyl) -4~f luorobenzamide . 

Suitable pharmaceutical^ acceptable salts of the 
compound [I] are conventional non-toxic salts and include 
acid addition salt such as an inorganic acid addition salt 
[e.g. hydrochloride, hydrobromide, sulfate, phosphate, etc.], 
an organic acid addition salt [e.g. formate, acetate, 
trif luoroacetate, maleate, tartrate, methanesulf onate, 
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benzenesulfonate, toluenesulf onate, etc.], a salt with an 
amino acid [e.g. aspartic acid salt, glutamic acid, salt, 
etc. ] and the like. 

It is to be noted that the compound [I] may include one 
or more stereoisomer { s ) due to asymmetric carbon atoms, and 
all of such isomers and mixture thereof are included within 
the scope of this invention. 

Additionally, it is to be noted that any hydrate of the 
compound [I] is also included within the scope of this 
invention . 

Now in order to show the utility of the compound [I] and 
pharmaceutical^ acceptable salts thereof in this invention, 
the pharmacological test was carried out and its abstract is 
shown in the following. 

The effect of the compound [I] upon cognitive function 
was examined using an operant delayed non-match to place 
paradigm (DNMTP) task which is shown to be disrupted dose- 
dependently by the administration of haloperidol . The 
following interactions were explored: haloperidol plus 
amphetamine, haloperidol plus the compound [I] and 
haloperidol plus the compound [I] and amphetamine. Neither a 
low dose of amphetamine nor two doses of the compound [I] 
when administered with haloperidol, or alone, altered the 
profile of performance relative to control. The experiments 
with haloperidol and the compound [I] plus amphetamine 
revealed a profound attenuation of the deficits associated 
with incerasing doses of haloperidol by the larger dose of 
the compound [I] . . 

These expeiments confirmed that the compound [I] has a 
specific effect on dopaminergic status which appears to be 
state dependent and is useful for treating and/or preventing 
schizophrenia, depression, stroke, head injury, nicotine 
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withdrawal, spinal cord injury, anxiety, pollakiuria, 
incontinence of urine, myotonic dystrophy, attention deficit 
hyperactivity disorder, excessive daytime sleepiness 
(narcolepsy), Parkinson's disease or autism. 

For therapeutic purpose, the compound [I] and a 
pharmaceutical^ acceptable salt thereof of the present 
invention can be used in a form of pharmaceutical preparation 
containing one of said compounds, as an active ingredient, in 
admixture with a pharmaceut ically acceptable carrier such as 
an organic or inorganic solid or liquid excipient suitable 
for oral or parenteral administration. The pharmaceutical 
preparations may be capsules, tablets, dragees, granules, 
solution, suspension, emulsion, or the like. If desired, 
there may be included in these preparations, auxiliary 
substances, stabilizing agents, wetting or emulsifying 
agents, buffers and other commonly used additives. 

While the dosage of the compound [I] will vary depending 
upon the age and condition of the patient, an average single 
dose of about 0.1 mg, 1 mg, 10 mg, 50 mg, 100 mg, 250 mg, 500 
mg and 1000 mg of the compound [I] may be effective for 
treating the above-mentioned diseases. In general, amounts 
between 0.1 mg/body and about 1,000 mg/body may be 
administered per day. 

The following Examples is given for the purpose of 
illustrating this invention. 

Example 1 



(Capsule ) 

N- (4-Acetyl-l-piperazinyl) -4-f luorobenzamide 



5 mg 
80 mg 



Lactose 



The above-mentioned ingredients were mixed and the 
mixture was encapsulated to provide the capsule. 
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CLAIMS 

1. Use of a compound of the formula 



Ri-A-t/ \-N-Y-R 3 [ I ] 



wherein R 1 is lower alkyl, aryl, ar (lower ) alkoxy or 

a heterocyclic group, each of which may 
be substituted with halogen, 
R 2 is hydrogen or lower alkyl, 

R 3 is cyclo (lower) alkyl, aryl or ar ( lower ) alkyl , 
each of which may be substituted with 
halogen, 

O 

A is -C-, -S0 2 - or lower alkylene, and 

O O 
Y is -C-, -S0 2 - or -CNH-, 

or its pharmaceutically acceptable salt for treating 
and/or preventing schizophrenia, depression, stroke, 
head injury, nicotine withdrawal, spinal cord injury, 
anxiety, pollakiuria, incontinence of urine, myotonic 
dystrophy, attention deficit hyperactivity disorder, 
excessive daytime sleepiness (narcolepsy), Parkinson's 
disease or autism. 

2. A use of the compound defined in Claim 1 as an agent for 
treating and/or preventing schizophrenia, depression, 
stroke, head injury, nicotine withdrawal, spinal cord 
injury, anxiety, pollakiuria, incontinence of urine, 
myotonic dystrophy, attention deficit hyperactivity 
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Parkinson 1 s disease 
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daytime sleepiness 
or autism. 
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(narcolepsy) , 



3. An agent for treating and/or preventing schizophrenia, 
5 depression, stroke, head injury, nicotine withdrawal, 

spinal cord injury, anxiety, pollakiuria, incontinence 
of urine, myotonic dystrophy, attention deficit 
hyperactivity disorder, excessive daytime sleepiness 
(narcolepsy), Parkinson's disease or autism, which 
3 comprises the compound defined in Claim 1. 



A method for treating and/or preventing schizophrenia, 
depression, stroke, head injury, nicotine withdrawal, 
spinal cord injury, anxiety, pollakiuria, incontinence 
of urine, myotonic dystrophy, attention deficit 
hyperactivity disorder, excessive daytime sleepiness 
(narcolepsy), Parkinson's disease or autism, which 
comprises administering the compound defined in Claim 1 
to mammals . 

5. A use of the compound defined in Claim 1 for 
manufacturing a medicament for treating and/or 
preventing schizophrenia, depression, stroke, head 
injury, nicotine withdrawal, spinal cord injury, 
anxiety, pollakiuria, incontinence of urine, myotonic 
dystrophy, attention deficit hyperactivity disorder, 
excessive daytime sleepiness (narcolepsy), Parkinson's 
disease or autism. 

6. A pharmaceutical composition for treating and/or 
preventing schizophrenia, depression, stroke, head 
injury, nicotine withdrawal, spinal cord injury, 
anxiety, pollakiuria, incontinence of urine, myotonic 
dystrophy, attention deficit hyperactivity disorder, 
excessive daytime sleepiness (narcolepsy), Parkinson's 



4 . 



5 



> 
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disease or autism, which comprises the compound defined 
in Claim 1 in admixture with a carrier or excipient. 

7. A process for preparing the pharmaceutical composition 
of Claim 6, which is characterized by admixing the 
comoound with a carrier or exciDient. 
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